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Abstract
Pseudomonas aeruginosa is an opportunistic pathogen capable of causing both acute and chronic infections in susceptible
hosts. Chronic P. aeruginosa infections are thought to be caused by bacterial biofilms. Biofilms are highly structured,
multicellular, microbial communities encased in an extracellular matrix that enable long-term survival in the host. The aim of
this research was to develop an animal model that would allow an in vivo study of P. aeruginosa biofilm infections in a
Drosophila melanogaster host. At 24 h post oral infection of Drosophila, P. aeruginosa biofilms localized to and were
visualized in dissected Drosophila crops. These biofilms had a characteristic aggregate structure and an extracellular matrix
composed of DNA and exopolysaccharide. P. aeruginosa cells recovered from in vivo grown biofilms had increased antibiotic
resistance relative to planktonically grown cells. In vivo, biofilm formation was dependent on expression of the pel
exopolysaccharide genes, as a pelB::lux mutant failed to form biofilms. The pelB::lux mutant was significantly more virulent
than PAO1, while a hyperbiofilm strain (PAZHI3) demonstrated significantly less virulence than PAO1, as indicated by
survival of infected flies at day 14 postinfection. Biofilm formation, by strains PAO1 and PAZHI3, in the crop was associated
with induction of diptericin, cecropin A1 and drosomycin antimicrobial peptide gene expression 24 h postinfection. In
contrast, infection with the non-biofilm forming strain pelB::lux resulted in decreased AMP gene expression in the fly. In
summary, these results provide novel insights into host-pathogen interactions during P. aeruginosa oral infection of
Drosophila and highlight the use of Drosophila as an infection model that permits the study of P. aeruginosa biofilms in vivo.
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Introduction
Pseudomonas aeruginosa is an opportunistic pathogen capable of
causing both acute and chronic infections in multiple hosts. The
characteristics of acute and chronic infections caused by P.
aeruginosa are quite distinct and are thought to be associated with
co-ordinated expression of a select subset of virulence factors [1].
P. aeruginosa employs a number of strategies that promote chronic
infection, including the ability to form microbial communities
called biofilms [2–4]. Although biofilms have been extensively
studied in vitro, the role of P. aeruginosa biofilms in vivo and how the
host responds to biofilm infections, has been hindered by the lack
of an appropriate model system. We sought to develop a simple
biofilm model of infection that would allow the investigation of
both the bacterial and host response during biofilm infections.
Biofilms are multicellular microbial communities encased in
an extracellular matrix composed of extracellular DNA, multiple
exopolysaccharides (EPS), proteins and lipids [5–7]. Typically, they
display a complex three-dimensional structure and demonstrate
increased resistance to antimicrobial compounds, environmental
stresses and the host immune response [8,9]. Exopolysaccharides
have been shown to play a structural role in the biofilm as well as
being involved in limiting antibiotic diffusion and protecting cells
from antibody-mediated killing and phagocytosis by the host
immune system [8,10].
P. aeruginosa infects a wide variety of plants, insects and animals
and there are a number of both plant and animal models used to
examine bacterial pathogenesis [11–19]. Drosophila melanogaster
(fruit fly) has gained popularity as a model organism for studying
P. aeruginosa infections [20–27]. The reasons for this are as follows:
(i) D. melanogaster displays evolutionary conservation of innate
immune responses and NF-kB signaling cascades [28]; (ii) multiple
genetic and molecular tools are available; (iii) the immune res-
ponse can be measured in multiple ways e.g. clotting, phagocy-
tosis, melanization and antimicrobial peptide (AMP) gene ex-
pression [28] and (iv) amenability to high throughput screening,
relatively low cost and to date, no requirements for ethical
approval.
One of the appealing features of Drosophila immunity is that
many of its innate immune defenses display significant functional
similarities with the vertebrate immune system (for review see
[28]). These immune responses include the use of physical
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epithelia provide the first physical barrier to infection as well as a
localized defense by production of AMP and reactive oxygen
species (ROS.) Specialized hemocytes acts as phagocytes to engulf
invading bacteria. Systemic production of AMPs occurs in the fat
body, an organ metabolically similar to the human liver [28].
The Drosophila melanogaster genome encodes seven distinct classes
of AMPs: the cecropins [29], diptericin [30], drosocin [31],
defensin [32], drosomycin [33], metchnikowin [34] and attacin
[35]. The fruit fly can discriminate between various classes of
microorganisms [36], resulting in transcriptional activation of
AMP genes. Depending on the pathogen associated molecular
pattern (PAMP) of the infecting organism, distinct AMPs are
induced upon infection by either the Toll or Imd pathway [28].
Although the induction of AMPs was initially thought to be
specific to either the Toll or Imd pathway, there is ample evidence
that the two pathways overlap [37–39].
Two Drosophila infection models have been described; the fly
nicking or pricking [20] and fly feeding models [21], which are
considered to resemble an acute or chronic infection, respectively.
The nicking model consists of pricking flies with a needle dipped
into bacterial culture and monitoring rapid fly killing within 1–3
days. In contrast, the fly feeding model results in a longer infection
process with survival monitored up to 2 weeks postinfection. In this
oral infection model, the main site of P. aeruginosa accumulation at
24h is the food storage organ, known as the crop [25]. In this study
we hypothesized that the localized infection and slower killing
kinetics observed following oral infection of Drosophila by P.
aeruginosa, relative to the kinetics of nicking infection, was a result
of the ability of P. aeruginosa to form microcolonies or biofilms in
the Drosophila crop.
The aim of this study was to establish a relevant model for the
study of P. aeruginosa biofilm infections in vivo. Additionally, we
sought to investigate what bacterial genes were important in
allowing P. aeruginosa to develop biofilm infections in this model
and to identify the host AMP response to both biofilm and non-
biofilm infections. The development of a biofilm infection model
for studying both the bacterial and host response during infection
has the potential to significantly increase our understanding of the
relationship between biofilms and the host during infection.
Results/Discussion
P. aeruginosa forms biofilm in the Drosophila crop
Using the fly oral model of infection, 1–3 day old male flies were
infected with P. aeruginosa. As we have been previously published,
the predominant site of P. aeruginosa accumulation at 24 h was the
food storage organ known as the crop [25] with bacteria moving
from the crop into other areas of the gut over time (Figure S1).
The presence of bacterial cells in areas of the gut outside of
the crop is consistent with what has been shown by other
groups [40,41].
We used P. aeruginosa PAO1pCHAP6656 to visualize P.
aeruginosa colonization in vivo as these cells produced mCherry as
an outer membrane-anchored lipoprotein. PAO1pCHAP6656
was used as it has an easily identifiable membrane-staining pattern
[4,42] and can be used to differentiate true bacterial cells from red
autofluorescence in the tissue of the Drosophila crop [25]. The
pCHAP6656 plasmid [42] encodes for gentamicin resistance.
To ensure that this was a suitable system for use in vivo, in the
absence of antibiotic selection, we monitored plasmid maintenance
up to 48 h postinfection. Plating of bacteria recovered from
infected flies indicated that pCHAP6656 was maintained up to
48 h postinfection (Figure 1A). At 24 and 48 hours postinfection,
flies were sacrificed and crops were surgically removed for
microscopic analysis. Imaging of dissected crops indicated that
bacteria localized to the periphery of the crop (Figure 1B) and that
large aggregates (50–250 mM) or microcolonies were visible at
24 h (Figure 1B–D). These microscopic observations showed P.
aeruginosa was present in the Drosophila crop, at high cell densities
(,3610
7 CFU/crop, Figure 1A) and organized in microcolonies,
indicating the presence of biofilms as early as 24 h postinfection
of Drosophila.
In vivo biofilms are composed of P. aeruginosa
microcolonies, EPS and DNA, that form a characteristic
honeycomb-like shape
In vitro grown biofilms are characterized by an extracellular
biofilm matrix composed of DNA and EPS [5–7]. To determine if
the P. aeruginosa microcolonies observed in Drosophila displayed
similar characteristics to those of in vitro biofilms, crops were
stained for EPS and DNA. We exploited the red and green
autofluorescence of the crop (Figure 2A–B), while simultaneously
visualizing red fluorescent PAO1pCHAP6656 (Figure 2E), green
fluorescent EPS (Figure 2F) and blue fluorescent DNA (Figure 2G).
The gross morphology of uninfected crops was compared to
PAO1pCHAP6656-infected crops. Uninfected crops had clearly
defined muscular fibers and cellular structures (Figure 2A–D).
PAO1pCHAP6656-infected crops (Figure 2E–H) demonstrated a
loss in the musculature, a blurring of the fibers and an overall lack
of the organized structure visible in uninfected crops (Figure 2A–
D). FITC conjugated Hippeastrum hybrid Lectin (HHA) [43]
(green fluorescence) was used to label exopolysaccharide present in
the microcolonies (Figure 2F). DAPI (blue fluorescence) was used
to visualize DNA, which is present in the nuclei of Drosophila
epithelial cells lining the crop (Figure 2C), in bacterial cells
(Figure 2G) and as extracellular DNA surrounding bacterial cells
and in the biofilm matrix (Figure 2G). PAO1pCHAP6656 (red)
was visible as aggregates in the crop (Figure 2E). An overlap
between bacteria (red), EPS (green) and DAPI (blue) was visible
(Figure 2H) suggesting that bacterial aggregates stain positively for
EPS and DNA. Red and green autofluorescence of the crop itself
Author Summary
Pseudomonas aeruginosa causes serious infections in
people with compromised immune systems. Individuals
with Cystic Fibrosis and hospital patients are particularly
vulnerable to P. aeruginosa infections. This bacterium does
not respond to many antibiotics, making these infections
difficult to treat. P. aeruginosa can grow as free-floating
planktonic cells or as microcolonies known as biofilms. The
ability of P. aeruginosa to form biofilms is thought to
contribute to their ability to cause chronic infections. The
aim of this research was to develop a simple biofilm model
of infection using the fruit fly (Drosophila melanogaster).
The immune system of the fruit fly has similarities with the
vertebrate innate immune system. Understanding how
P. aeruginosa causes infections in Drosophila will aid in
understanding virulence mechanisms in mammals. In this
study we show that feeding P. aeruginosa to Drosophila
results in a biofilm infection and biofilm infections induced
expression of antimicrobial peptide immune response
genes in the fly. Using fly survival as a measure of virulence
we showed that biofilm infections were less virulent than
non-biofilm infections. These results provide novel insight
into host-pathogens interactions during P. aeruginosa
infection.
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choice for DNA. Use of other green or red DNA stains such as
TOTO-1 or Sytox red, resulted in very high background due to
autofluorescence in the crop. These data indicated that at 24 h
postinfection, P. aeruginosa biofilms can be visualized in dissected
crops of infected flies and these biofilms stain positively for DNA
and EPS, two major characteristics of an in vitro biofilm.
To show that DNA and EPS were important biofilm
components in vivo, infected crops were DNAse- and cellulase-
treated prior to EPS and DNA staining (Figure 2I–L) and
compared to uninfected (Figure 2A–D) and PAO1pCHAP6656-
infected crops without DNAse and cellulase treatment (Figure 2E–
H). Aggregates of bacteria, which stained positively for DNA and
EPS were visible in infected crops (Figure 2E–H). No aggregates
were detected in PAO1pCHAP6656-infected crops treated with
DNAse and cellulase, indicating that bacterial biofilms were
dissolved following enzymatic treatment (Figure 2I–L). DNAse
and cellulase treatment of uninfected crops had no effect on crop
structure (data not shown).
On closer inspection of DAPI-stained bacteria in the crop
(digital zoom of 4.4X), we observed that the bacteria in the
microcolonies were organized into characteristic patterns or
clusters (Figure 3). Cells that we previously observed to be positive
for DNA and EPS staining (Figure 2A–D) were organized into a
cluster of hexagonal bacterial colonies. These structures were
found in two orientations, with bacteria lined up side-to-side and
stacked one on top of the other or with the pole to pole length of
the bacterial cells visible, and each cell attached side-to-side
(Figure 3). Because of the size of each of the hexagons,
approximately 6–8 mM, we predict that each hexagon is made
up of approximately 7 to 15 bacterial cells. This is consistent with
what has been observed for mature honeycomb structures
produced by S. epidermidis [44]. These honeycomb-like shaped
microcolonies were not firmly attached to the epithelial cell surface
but were floating inside the enclosed fly crop (Video S1).
Microbial species, including Sinorhizobium meliloti, Rhizobium
leguminosarum [45,46], Staphlococcus epidermidis and P. aeruginosa [44]
were previously shown to form complex biofilm structures,
organised in honeycomb- and veil-like patterns. Honeycomb
structures are one of the most densely packed structures found in
nature and similar to what is observed with bee honeycombs [47],
it is predicted that these structures enable close packing together of
cells with the least amount of matrix components, including
energy-expensive EPS. To our knowledge, bacterial microcolonies
that resemble honeycomb structures have not previously been
visualized in vivo in an animal model and highlight the use of
Drosophila as an infection model amenable to microscopic analysis
of infected tissues.
P. aeruginosa biofilm infection results in loss of integrity
of the fly crop structure
To investigate the potential for detrimental consequences of
P. aeruginosa biofilm infections on host tissue we examined the
architecture of infected fly crops during a biofilm infection. Excised
Figure 1. PAO1 (pCHAP6656) infection of the Drosophila crop.
(A) Plating of bacteria recovered from infected flies on Pseudomonas
isolation agar (PIA) +/2 Gm 30 (mg/ml) indicated that pCHAP6656 was
not lost up to 48 h postinfection. (B) Merged image of brightfield and
red fluorescence images from PAO1-infected crops (40x). Red fluores-
cence images of infected crops at (C) 63x and (D) 100x objectives. White
arrows indicate the presence of large bacterial aggregates. Scale bars
indicate 200 mM. At least three infected crops were examined from
three separate infections and representative images are shown.
doi:10.1371/journal.ppat.1002299.g001
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and size at 10X magnification (Figure 4A and B). Brightfield
imaging of uninfected (Figure 4A) and PAO1-infected (Figure 4B)
crops indicated significant changes in the sizeand gross morphology
of the crop in response to infection. Infected crops were smaller in
size, softer in texture and were more sensitive to breaking apart
upon handling (data not shown). This observation is consistent with
tissue damage however it is also possible that a smaller softer crop
may be as a result of an empty crop as P. aeruginosa infection may
interfere with the ability of Drosophila to feed and drink.
Figure 2. In vivo P. aeruginosa biofilms stain positively for EPS and DNA. (A) Red autofluorescence, (B) green autofluorescence, (C) DAPI-
stained nuclei (all indicated by grey arrow) and (D) merge image of uninfected Drosophila crop. (E) Aggregative red fluorescent PAO1pCHAP6656
(white arrow) along with red autofluorescence (grey arrow), (F) green fluorescent EPS (white arrow) staining and autofluorescence (grey arrow), (G)
DAPI staining of bacteria (white arrow) and Drosophila nuclei (grey arrow) and (H) merge image of PAO1-infected crops. DNAse and cellulase
treatment of P. aeruginosa-infected crops. (I) Non-aggregative red fluorescent PAO1pCHAP6656 (white arrow) along with red autofluorescence (grey
arrow), (J) autofluorescence (grey arrow) and lack of EPS staining with FITC-labeled HHA lectin. (K) DAPI staining of Drosophila nuclei (grey arrow) and
absence of bacterial DNA staining and (L) merge image of DNAse and cellulase treated PAO1 in infected crops (white arrow). Scale bars in indicate
100 mM. At least three infected crops were examined from two separate infections and representative images are shown.
doi:10.1371/journal.ppat.1002299.g002
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the crop in greater detail in the presence and absence of biofilm
infection, F-actin staining using Phallodin 488 was performed.
Drosophila nuclei were counterstained with DAPI and crops
examined by fluorescence microscopy. The musculature of
uninfected crops consisted of wide ribbons of circular muscles
covering the crop wall with a intricate network of branched and
interconnecting fibers (Figure 4CD) This architecture was severely
compromised or absent in infected crops (Figure 4EF). P. aeruginosa
(red) localized predominantly to the crop edge, which was where
the most disorganised actin staining was detected, including
depolymerisation and degradation of actin filaments (Figure 4F).
Expression of EPS is essential for in vivo biofilm formation
We examined in vivo biofilm phenotypes of P. aeruginosa mutants
known to exhibit altered EPS production and biofilm formation
phenotypes in vitro. The pelB::lux mutant [48] is defective for
biofilm formation in vitro, as mutants in the pel operon are known
to have decreased EPS production and biofilm formation [49],
while strain PAZHI3 (a mutant in the posttranscriptional
regulatory protein RsmA) displayed increased production of both
pel and psl EPS (Figure S2) and is a hyperbiofilm former [50]. Flies
were infected with PAO1, pelB::lux or PAZHI3, all carrying
pCHAP6656, and 24 h postinfection crops were excised and
examined for the presence of microcolonies. Microscopy was
performed on PAO1pCHAP6656, pelB::luxpCHAP6656, and
PAZH13pCHAP6656-infected crops. Twelve fields of view were
captured, from a minimum of 3 crops infected with each strain
(Figure 5A–C), for quantification of microcolony formation
(Figure 5D). Image analysis (ImageJ) was performed to differen-
tiate and count the frequency of individual cells, as well as small
and large microcolonies (Figure 5A) (See materials and methods
for additional information). Large microcolonies (.20 cells,
Figure 5A,C) were present only in PAO1- or PAZHI3-infected
crops and were absent from pelB::lux-infected crops (Figure 5B).
PAZHI3-infected crops had more microcolonies (n=15) present
than those seen in PAO1-infected crops (n=9) (Figure 4D).
Furthermore, the large microcolonies (categorized as those
microcolonies consisting of .20 cells) observed in PAZH13-
infected crops were significantly larger (p,0.001) in size (approx
17-fold) that those microcolonies observed in PAO1-infected crops
Figure 3. Visualization and staining of in vivo microcolonies in
the Drosophila crop. (A) DAPI-stained bacterial cells (100X) and (B)
digitally zoomed images (4.4X) of DAPI stained microcolonies in the
crop, demonstrating a honeycomb-like structure (white arrow). Scale
bars in A indicate 200 mM. Scale bars in B indicate 45.4 mM. At least
three infected crops were examined from three separate infections and
representative images are shown. Honeycomb-like structures were
visualized in 2 out of every three PAO1-infected crops examined.
doi:10.1371/journal.ppat.1002299.g003
Figure 4. Crop integrity in response to P. aeruginosa infection. (A) The macroscopic structure of (A), uninfected and (B), PAO1pCHAP6656-
infected Drosophila crops (Olympus OV100 intravital observation system). Merged fluorescent image of phallodin 488-stained actin (green) and DAPI-
stainednuclei (blue) inuninfected cropsusing(C)10xand(D)63xobjectives.PAO1pCHAP6656-infectedcrops (red)at(E)lowandhigh(F)magnification.
Scale bars in C and E indicate 400 mM; scale bars in D and E indicate 100 mM. White arrows in C and E indicate the area of the crop where higher
magnification images were taken. At least five infected crops were examined from two separate infections and representative images are shown.
doi:10.1371/journal.ppat.1002299.g004
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were also observed in vivo. No large microcolonies were detected in
pelB::lux-infected flies (Figure 4B).
To further confirm the importance of EPS during oral Drosophila
infection, qRT-PCR was used to measure expression of pel and psl
during infection. Psl expression was significantly induced,
approximately 150 fold (p,0.01). Pel expression was highest
during oral infection of flies, induced approximately 2200 fold
(p,0.001), relative to acute infection of flies (Figure 5E). These
data indicate that Pel may play a more important role during oral
infection of Drosophila, since it is more highly expressed. These data
highlight the importance of Pel EPS as a biofilm matrix
component for the establishment and/or maintenance of biofilms
in vivo, in addition to its well-characterized importance for
attachment and maturation, during the early and later stages of
biofilm formation in vitro [51–53].
Non-biofilm forming strains disseminate at a faster rate
than biofilm forming strains following oral infection
We hypothesized that biofilm forming and non-biofilm forming
strains would differ in their ability and/or timing to disseminate and
that ultimately the kinetics of bacterial dissemination may play a
role in fly survival. Initial experiments were performed to compare
in vivo localizationof PAO1,pelB::lux and PAZHI3 strains in infected
flies. Results of viable plate counts indicated a slightly lower
bacterial load was recovered from the GI tract of pelB::lux-infected
flies (3.8610
561.82610
4 CFU/fly; mean 6 SEM), compared
to that of PAO1-infected flies (4.8610
562.95610
4 CFU/fly).
There was a corresponding increase in the number of viable
pelB::lux bacteria (2.8610
461.83610
3 CFU/fly), recovered from
the fly body, excluding the GI system, compared to that of PAO1-
infected flies (1.03610
361.38610
2 CFU/fly) 5 days postinfection
(Figure 6A). Similar numbers of bacteria were isolated from the GI
system or fly body of PAZH13-infected flies compared to PAO1-
infected flies. To provide evidence of altered dissemination between
biofilm and non-biofilm forming strains, hemolymph was recovered
from infected flies at day 2 and day 5 postinfection. The pelB::lux
mutant was present in the hemolymph at significantly higher
numbers than PAO1 or PAZH13 at two days postinfection, while
no significant difference in dissemination was observed five days
postinfection (Figure 6B). Previous studies have shown that pelA
mutants demonstrated increased rates of swarming motility [49],
which in combination with reduced biofilm formation and may
contribute to the increased rate of dissemination observed during
Figure 5. The role of Pel EPS during in vivo biofilm formation in Drosophila. Representative images of P. aeruginosa pCHAP6656-infected
crops. (A) PAO1pCHAP6656-infected crops contain individual bacterial cells, a number of small microcolonies (grey arrows) and two large
microcolonies (white arrows). (B) PelB::luxpCHAP6656-infected crops contain individual bacterial cells and no small or large microcolonies. (C)
PAZH13pCHAP6656-infected crops contain some individual bacterial cells, and five large microcolonies (white arrows). At least 3 infected crops were
examined for each strain. Scale bar equals 100 mM. (D) Quantitative analysis of microcolony formation in response to infection with PAO1 and
relevant mutant strains. At least 3 infected crops were examined for each strain. Data presented is the frequency of individual bacterial cells, smallo r
large bacterial microcolonies in a total of 12 fields of view. (E) Expression of pel and psl EPS genes during oral infection relative to acute infection.
Values are mean +/2 SEM from triplicate qRT-PCR experiments on RNA isolated from two independent Drosophila infections.
doi:10.1371/journal.ppat.1002299.g005
P. aeruginosa Forms Biofilms During Fly Infection
PLoS Pathogens | www.plospathogens.org 6 October 2011 | Volume 7 | Issue 10 | e1002299infectionofDrosophila 2dayspostinfection.Thefactthat significantly
increased numbers of pelB::lux are observed in the hemolymph 2
days postinfection relative to PAO1, while no significant difference
is observed 5 days postinfection, suggests that upon detection by the
hostimmune systeminthe hemolymph,pelB::luxbacteriaareunable
to persist or are cleared by the immune system.
P. aeruginosa recovered from biofilm infections in vivo
have increased resistance to antimicrobials
Resistance to antimicrobials is a general feature of all biofilms.
We hypothesized that PAO1 recovered from a biofilm infection of
Drosophila would display increased resistance to antimicrobials.
Antimicrobial sensitivities were compared in PAO1 directly
recovered from flies relative to PAO1 planktonic cultures or
PAO1 planktonic cultures exposed to pulverized fly tissues, termed
‘‘mock-infected’’ PAO1. Identical bacterial inocula from these
three conditions were swabbed onto Pseudomonas Isolation Agar
(PIA) and antimicrobial sensitivity was measured by disk diffusion.
Antimicrobial resistance of PAO1 recovered from mock-infected
cultures was not significantly different relative to the resistance
profiles of PAO1 recovered from planktonic cultures (data not
shown). PAO1 directly recovered from infected flies had
significantly increased resistance to polymyxin B, colistin, and
ciprofloxacin, but not to gentamicin or ceftazidime relative to
planktonic PAO1 cultures (Figure 6C). PAZHI3 recovered from
infected flies was also significantly more resistant to polymyxin B,
colistin, and ciprofloxacin than planktonic PAZHI3 (Figure 6C).
In contrast, antimicrobial resistance profiles of the pelB::lux mutant
(which failed to form biofilms in vivo) were not significantly
different in cells directly recovered from infected flies relative to
planktonic or mock-infected cells (Figure 6C).
Polymyxin B and colistin are cationic AMPs: short, amphipathic
peptides that bind to and disrupt both the outer and cytoplasmic
membranes resulting in bacterial cell death [54]. Ciprofloxacin is a
member of the fluoroquinolone drug class which inhibits DNA
gyrase and hence DNA replication. The increased antibiotic
resistance phenotype of P. aeruginosa recovered from the flies
compared to planktonic cultures, is analogous to the increased
resistance observed in in vitro biofilm populations compared to
planktonic cultures [4,55].
Drosophila infected with biofilm and non-biofilm forming
P. aeruginosa have altered survival kinetics
To assess the comparative abilities of biofilm and non-biofilm
forming P. aeruginosa strains for their ability to cause disease in
Drosophila, we monitored fly survival over 14 days in response to
oral infection. The non-biofilm forming pelB::lux mutant was
significantly more virulent compared to PAO1, having a
significantly increased rate of Drosophila killing (Figure 7A). In
contrast, hyperbiofilm-forming PAZHI3 demonstrated significant-
ly reduced virulence compared to PAO1, as indicated by a greater
survival of infected flies up to 14 days postinfection (Figure 7A).
There was no difference in the bacterial load (CFU) in biofilm and
non-biofilm infected flies (data not shown). PAO1 mutants in psl
showed similar killing kinetics to PAO1-infected flies (Figure S3)
indicating that Pel EPS contributes to pathogenesis during
infection of Drosophila while Psl EPS does not. Previous in vitro
studies have indicated that both Pel and Psl are important in
P. aeruginosa biofilm formation [6,52] and that Pel EPS also
contributes to antibiotic resistance [56]. Our data highlight a
unique role for Pel EPS in P. aeruginosa biofilm formation in vivo,a s
well as a role in dissemination and virulence.
Figure 6. In vivo localization and antibiotic resistance profiling
of biofilm and non-biofilm infections. (A) Localization of bacteria
in the fly 5 days postinfection. The GI tract including the crop, was
dissected out, crushed and plated on PIA agar to determine CFU per GI
tract/fly. The remainder of the fly body, including the head, was crushed
separately and plated on PIA to determine CFU/rest of body per fly. (B)
The number of CFU recovered from Drosophila hemolymph 2- and 5-
days postinfection with PAO1, PAZH13 or pelB::lux. Two biological
replicate experiments were performed, each containing 20 Drosophila,
and values represented are mean +/2SEM. (C) Antibiotic resistance
profiling of biofilm and non-biofilm infections. Increase in antibiotic
resistance, as measured by zone of inhibition in disk diffusion assay, in
P. aeruginosa strains recovered for Drosophila after oral infection
relative to planktonic cultures. Antibiotic concentration indicated in mg/
ml. Two biological replicate experiments were performed in triplicate
and mean +/2 SEM is shown. * p,0.05, ** p,0.01, ***p,0.001.
doi:10.1371/journal.ppat.1002299.g006
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correlated with virulence and the ability of P. aeruginosa to cause
death in Drosophila after oral infection (Figure 7A). To determine if
EPS production also affected the outcome of acute P. aeruginosa
infections, Drosophila killing kinetics were compared in male flies
nicked in the thoracic region, with the relevant P. aeruginosa strains,
up to 36 h. Pel production was not found to be important factor
during acute infection as PAO1 and pelB::lux infections resulted in
similar killing kinetics in acutely-infected Drosophila up to 36 h
postinfection (Figure 7B). PAZHI3 was attenuated for virulence
during acute infection, similar to what was seen for oral infection
(Figure 7). Reduced killing of Drosophila by PAZHI3 is similar to
reduced virulence previously observed for PAZHI3 in a mouse
model of acute infection [50].
Biofilm infections induce AMP gene expression
To monitor the AMP response to biofilm and non-biofilm
infections in Drosophila, we assessed the expression of the AMP
genes cecropin A1, diptericin and drosomycin using qRT-PCR
during oral infection with PAO1, pelB::lux and PAZHI3
(Figure 8A–C). As no difference in killing kinetics were observed
between flies acutely infected with biofilm forming PAO1 and
non-biofilm forming pelB::lux, AMP gene expression was not
monitored following acute infection.
PAO1 oral infection induced the expression of cecropin A1,
diptericin and drosomycin between 4- and 36-fold relative to
uninfected flies (Figure 8A–C). Increased gene expression was also
detected in PAZHI3-infected flies at levels between 72- and 446-
fold. While PAZH13 is hyperbiofilm former in vitro [50] and in vivo
(Figure 5C), it is also a pleiotrophic mutant [57–61]. Thus, while
there is a correlation between biofilm formation and increased
AMP expression, we cannot rule out the possibility that the higher
levels of AMP induction seen in response to PAZH13 infection
may not be solely attributable to increased biofilm formation. In
response to pelB::lux infection, we observed lower expression of all
three AMP genes, between 1.6- and 5-fold, compared to
uninfected flies. Suppression of AMP gene expression is thought
to be one of the main mechanisms whereby commensal bacteria
fail to elicit an immune response in the host [62]. However,
virulent strains of P. aeruginosa have also been documented to
suppress AMP gene expression and the Drosophila immune
response during an acute infection [24]. In this study, decreased
expression of AMP gene expression by the pelB::lux mutant
(Figure 8) appears to be associated with increased fly death
following oral infection as flies die at a significantly faster rate
compared to those infected with the biofilm forming Pel positive
strains PAO1 or PAZH13 (Figure 7A). While this study does not
demonstrate active suppression, it is possible that increased fly
mortality post oral infection resulted from decreased expression of
AMP gene expression in the fly and/or a more rapid (within 2
days) dissemination of pelB::lux to the hemolymph, resulting in
systemic infection and fly death. However in addition to difference
in localization of pelB::lux (Figure 6A), it may also be that pelB::lux is
more toxic, eliciting pathological changes in Drosophila resulting in
more rapid death.
As EPS can be a cell-surface or secreted product, we
hypothesized that co-infection of Drosophila with a 1-1 mixture of
P. aeruginosa wildtype and pelB::lux would restore AMP gene
expression and killing, similar to levels observed in orally PAO1-
infected flies. In these experiments, PAO1::p16Slux [63] was used
instead of PAO1 as the wildtype strain as bacterial load and AMP
gene expression did not differ significantly in PAO1::p16Slux-
infected flies compared to PAO1-infected flies (data not shown).
Use of PAO1::p16Slux allowed us to differentiate between wildtype
and mutant strains for quantitative bacteriology using erythromy-
cin resistance in PAO1::p16Slux as the differentiating marker.
Relative to uninfected flies, AMP gene expression was measured in
flies co-infected with PAO1::p16Slux and PAO1, pelB::lux or
PAZHI3. There was no significant difference in AMP gene
expression following co-infection with PAO1::p16Slux and PAO1
(Figure 8A–C). Co-infection with PAO1::p16Slux and pelB::lux
resulted in induction of 6.3-, 4.3-, and 23-fold for cecropin A1,
diptericin and drosomycin, respectively (Figure 8A–C), induction
levels similar to those observed for wildtype infections. For
PAO1::p16Slux and PAZHI3 co-infected flies, AMP genes were
induced at levels between 62 to 97 fold (Figure 8A–C). These data
indicated that co-infection of pelB::lux and PAO1 restored AMP
gene expression to levels similar to those observed in PAO1-
infected flies. In all co-infection experiments, quantitative
bacteriology was performed at T0,T 24 and T120 (hours) to ensure
that the bacterial load was at a ratio of approximately 1-1 at the
initial stage of infection (T0), at the time of RNA extraction (T24),
and at later time points during infection (T120) (Figure S4). No
significant differences were observed in the growth of different
bacterial strains in Drosophila following co-infection at any of the
Figure 7. Kaplan-Meier survival curves post P. aeruginosa
infection. Survival curves of (A) oral and (B) acute infection with
PAO1, pelB::lux, PAZH13 or 5% sucrose control. Experiments were
performed at least 3 times each with a minimum of 80 flies and
representative curves (mean +/2 standard deviation) are shown.
*** p,0.001.
doi:10.1371/journal.ppat.1002299.g007
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mutants were not altered in their ability to compete with PAO1 for
colonization during infection of Drosophila.
Drosophila survival was also monitored following co-infection
experiments. Co-infection of flies with pelB::lux and PAO1::p16Slux
resulted in significantly increased fly survival relative to pelB::lux-
infected flies, increasing fly survival to levels similar to those seen
during wildtype infection (PAO1 and PAO1::p16Slux) (Figure 8D).
Co-infection of flies with PAZH13 and PAO1::p16Slux had no
significant effect on fly survival with flies dying at similar rates
regardless of whether they were infected with PAZH13 alone or
co-infected with PAZH13 and PAO1::p16Slux. Single infection
with PAO1::p16Slux or PAO1, or co-infection with PAO1 and
PAO1::p16Slux, had similar killing kinetics (data not shown).
Prior to this study, it was not known if the fly immune system
responded differently to biofilm and non-biofilm forming bacteria.
Drosomycin expression is regulated through the Toll pathway
[64]; Diptericin is regulated via the Imd pathway [65] and both
Figure 8. Biofilm infections induce antimicrobial peptide gene expression in Drosophila. Real time RT-PCR analysis of (A) cecropin A1 (B)
diptericin and (C) drosomycin following oral infection with PAO1, pelB::lux, PAZH13 or following oral co-infection with a 1:1 ratio of PAO1-
PAO1p16Slux, PAO1p16Slux-pelB::lux or PAO1p16Slux-PAZH13. For co-infection experiments (last 3 bars) the strains used for each infection are listed,
separated by a hyphen. The levels of AMP gene expression was represented as fold change relative to uninfected flies. Values are mean +/2 SEM
from triplicate qPCR experiments on RNA isolated from two independent Drosophila infections. a, significant fold change (p,0.05, ANOVA) relative to
uninfected flies; b, significant fold change (p,0.05, ANOVA) relative to PAO1-infected flies. (D) Kaplan-Meier survival curves of Drosophila following
oral co-infection with a 1:1 ratio of PAO1-PAO1p16Slux, PAO1p16Slux-pelB::lux, PAO1p16Slux-PAZH13 and relevant controls. Experiments were
performed at least 3 times each with a minimum of 80 flies and representative curves (mean +/2 standard deviated) are shown. a, significant
difference (p,0.05, ANOVA) relative to PAO1-PAO1p16Slux-infected flies (green); b, significant difference (p,0.05, ANOVA) relative to pelB::lux-
infected flies.
doi:10.1371/journal.ppat.1002299.g008
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data indicates that both of the central immune pathways in
Drosophila are activated in response to biofilms. In addition this
data indicates that it is Pel positive biofilms, and possibly Pel EPS
itself, that may act as a specific host immune signal inducing AMP
gene expression in Drosophila as a psl mutant has no effect on
Drosophila killing (Figure S3). Future work will focus on identifying
the specific bacterial components involved in AMP gene
expression and other host signalling pathways in response to Pel
and Psl positive biofilms and non-biofilm P. aeruginosa infections.
In the Drosophila oral infection model, our data suggests that Pel
positive biofilms induced AMP gene expression in the fly.
Although biofilm infections induce AMP gene expression
(Figure 8A–C), biofilm-forming bacteria isolated from fly crops
postinfection are more resistant to the AMPs polymyxin B and
colistin than those recovered from planktonic cultures (Figure 6).
Bacterial Pel EPS may be a cue to the host to increase AMP gene
expression thus serving to slow dissemination of the bacteria, and
in this way slow systemic infection which would rapidly kill the
host. On the other hand, EPS may also induce inflammation in the
crop/GI system resulting in a localized damage to the host. Strains
incapable of forming Pel positive biofilms in vivo resulted in a
decreased AMP response but disseminated earlier, resulting in a
systemic infection associated with faster host killing. These
interpretations are supported by the Drosophila survival data
obtained from co-infection experiments, where co-infection of
flies with pelB::lux and PAO1 significantly increases Drosophila
survival compared to infection with pelB::lux alone.
Biofilm infections do not alter kinetics of subsequent
acute infection but modify fly survival in response to
subsequent oral challenge
It has previously been shown that P. aeruginosa eludes host
defenses by suppressing AMP gene expression in a Drosophila
model of acute infection [24]. This study also demonstrated that
infection with a less virulent P. aeruginosa strain resulted in immune
potentiation and protected flies from subsequent acute infection
with a more virulent P. aeruginosa strain [24]. To determine if oral
infection, biofilm formation and induction of AMPs in Drosophila
could alter the kinetics of fly survival following subsequent acute
infection, we performed the following experiment. Male flies were
orally infected with PAO1 (biofilm, AMP induction), pelB::lux (non-
biofilm, AMP repression) or PAZHI3 (hyperbiofilm, AMP
induction) for 24 h. After 24 h, orally infected flies from each of
the three groups above and uninfected flies were nicked with
PAO1 (acute infection), LB (sterile nicking) or not treated. Oral
infection with PAO1, pelB::lux or PAZHI3 had no significant effect
on the rate of fly survival during subsequent acute infection
(nicking) with PAO1 (Figure 9).
To determine if oral PAO1 or PAZH13 biofilm infections
altered Drosophila survival following subsequent oral infection with
pelB::lux, the following experiment was performed. Drosophila were
allowed to feed on PAO1, PAZH13, pelB::lux or a sucrose control
for 24 h (primary infection), which is sufficient for biofilm
formation to occur in the crop (Figure 1). After 24 h, all flies
were transferred to new vials containing pelB::lux as the food source
(secondary infection). Survival was monitored up to 14 days after
the primary infection. Primary infection with PAO1 or PAZH13,
followed by secondary infection with pelB::lux significantly
increased fly survival compared to flies who were infected with
pelB::lux for both the primary and secondary infection. Increased
Drosophila survival following primary infection with PAO1 or
PAZH13 was not due to failure of the secondary infecting pelB::lux
strain to infect Drosophila, as pelB::lux tetracycline resistant colonies
Figure 9. Kaplan-Meier survival curves of Drosophila orally
infected (feeding) for 24h followed by subsequent acute
(nicking) or secondary oral infection. Survival following oral
infection with (A) PAO1, (B) pelB::lux or (C) PAZH13 and relevant
controls followed by acute infection with PAO1 or relevant controls. (D)
Drosophila survival following oral infection with PAO1, pelB::lux, PAZH13
or uninfected (sucrose control) followed by oral infection with pelB::lux
or uninfected (sucrose control). Strain name preceding the forward
slash "/" indicates the strain or uninfected sucrose control used for oral
infection of Drosophila; the strain name following the forward slash "/"
indicates the strain or nicked (LB) or uninfected sucrose controls used
for subsequent acute or secondary oral infection of Drosophila.
Experiments were performed at least twice, each with a minimum of
100 flies and representative curves (mean +/- standard deviated) are
shown. * p,0.05, ***p,0.001.
doi:10.1371/journal.ppat.1002299.g009
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$3.8610
6 CFU/fly or 76–99% of total bacterial load) from all
secondary pelB::lux infected flies 5 days postinfection.
Primary oral infection with a biofilm-forming strain protected
Drosophila from secondary oral infection with pelB::lux. Oral
infection with a biofilm forming strain induced AMP gene
expression, which may explain why increased fly survival was
observed against secondary oral infection with pelB::lux. However
the AMPs induced following oral infection may not be sufficient to
alter Drosophila survival against subsequent acute infection. A
possible reason for this is that AMP induction following biofilm
infection is localized to the gut and does not protect Drosophila from
death as a result of pricking and acute systemic infection. It is also
possible that the pathology resulting from tissue damage following
oral infection (Figure 4) may prevent Drosophila from responding to
and coping with subsequent acute infection.
Conclusions
P. aeruginosa infections are associated with the highest case fatality
rate of all Gram-negative infections [67]. This is partly due to the
ability of P. aeruginosa to resist antimicrobial therapy. One of the
main evasion strategies used by P. aeruginosa, and other microbes, is
the formation of multicellular, dense aggregates called biofilms. We
have shown that specific antibiotic resistance mechanisms are
induced in P. aeruginosa biofilms [4]. Biofilm infections are estimated
to account for 65% of all bacterial infections [68]. While some
studies have investigated the host response to P. aeruginosa infection
[20,69,70], little is known regarding the bacterial and/or host
factors involved in the pathogenesis of biofilm infections. The aimof
thisresearchwastodevelop a Drosophilainfectionmodelthat enables
biofilms to be intricately studied in vivo.
In this work we present evidence that oral infection of Drosophila
by P. aeruginosa PAO1 resulted in biofilm formation in the Drosophila
crop (Figure 1). We demonstrated that biofilms formed in vivo retain
the typical characteristics of in vitro grown biofilms, including DNA
and EPS staining (Figure 2) and increased resistance to antibiotics
(Figure 6C). We also showed that biofilm infections resulted in
significantly decreased numbers of bacteria disseminating to the
hemolymph 2 days postinfection, and contributed to increased
AMP gene expression in the fly (Figures 6, 8). Non-biofilm forming
pelB::lux infections, on the other hand, resulted in decreased AMP
gene expression in the fly, significantly increased numbers of
bacteria disseminating to the hemolymph 2 days postinfection, as
well asearly and increased flymortality(Figures6–8). Theincreased
virulence of the pelB::lux mutant was attenuated by co-infection of
Drosophila with biofilm-forming and AMP-inducing strains PAO1 or
PAZH13 (Figure 8D). Furthermore, primaryinfection witheither of
these AMP-inducing strains altered the survival kinetics of Drosophila
from secondary oral infection with the more virulent pelB::lux but
not from subsequent acute infection (Figure 9). In summary, we
have developed a novel P. aeruginosa biofilm model of infection that
can be used for studying both the bacterial and hostresponse during
infection. This model has the potential to significantly increase our
understanding of the relationship between biofilms and the host
during infection and also to tease out fundamental differences
between the host response to biofilm and non-biofilm P. aeruginosa
infections.
Materials and Methods
Bacterial strains and plasmids
Pseudomonas aeruginosa PAO1 and PAO1::p16Slux [63] were used
as wildtype P. aeruginosa strains. The pelB::lux mutant is from a mini-
Tn5-lux transposon mutant library that was previously constructed
and mapped [48]. PAZHI3 is an rsmA mutant in the PAO1
background [61]. The plasmid pCHAP6656 encodes mCherry
fluorescent outer membrane-anchored lipoproteins [42].
P. aeruginosa oral infection of Drosophila
Drosophila were maintained routinely on medium containing
corn meal, agar, sucrose, glucose, brewers’ yeast, propionic acid,
and phosphoric acid [71]. Infections were performed as previously
described [25]. Mid-log phase LB cultures of P. aeruginosa were
spun down and resuspended in 5% sucrose. Cultures were
adjusted to an OD600=25 (2.5610
10 CFU per ml) in sucrose.
The resuspended cells (0.12 mls) were spotted onto a sterile filter
(Whatman) that was placed on the surface of 5 ml of solidified 5%
sucrose agar in a plastic vial (VWR). The vials were allowed to dry
at room temperature for approximately 30 minutes prior to
addition of Drosophila. Because of the high concentration of
bacteria on the feeding discs and the possibility of bacteria forming
aggregates on the feeding discs over time, male Canton S flies (1–3
days old) were starved for 3 hours prior to being added to vials
(10–14 flies per vial). This ensured that Drosophila fed heavily on P.
aeruginosa within the first couple of hours. It is therefore unlikely
that the P. aeruginosa strains on the filters had sufficient time to form
biofilms prior to being eaten by Drosophila and causing an infection.
Male flies were used as the infection lasts up to 14 days. During
this time period females would have laid eggs, which if hatched,
would interfere with the experimental results. Flies were
anaesthetized by placing them on an ice-cold tile throughout the
sorting and transferring process. Infection vials were stored at
26uC in a humidity controlled environment. The number of live
flies to start the experiment was documented and live flies were
counted at 24 hour intervals.
Acute P. aeruginosa infection of Drosophila
Healthy 3 day-old male flies were used in the fly nicking assays
according to a modified method of [20]. Flies were sorted
following anesthesis on a cold tile. The male flies were nicked in
the dorsal thorax with a 27.5-gauge needle (BD Biosciences),
which was dipped in bacterial culture normalized to an optical
density at 600 nm of 1.0 in LB broth. After nicking, 10–14 flies
were placed into a vial of 5% sucrose agar and maintained at room
temperature. Fly survival was monitored and recorded from 12 to
36 h postinoculation.
Excision of gastrointestinal tract, crop and live cell
imaging
Flies were sacrificed after which the inferior region of the
abdomen was dissected under a dissecting microscope and the
entire gastrointestinal (GI) system gently pulled through the
resulting opening. The crop was separated from the rest of the
GI system. For visualization of whole crop morphology, an
Olympus OV100 intravital observation system was used and
image analysis performed using Adobe Photoshop. For staining of
bacteria and matrix components, crops were placed in phosphate
buffered saline (PBS) and permeabilized with 0.1% Triton X100
for 15 mins. Following a wash step in PBS, crops were stained with
fluorescent dyes of interest: 10 mg/ml FITC labelled HAA lectin
(EY Laboratories, Inc) for exopolysaccharide, 80 mg/ml DAPI
(Sigma) for Drosophila nuclei and DNA in the biofilm, and 1/40 (75
units) phallodin 488 (molecular probes) for F-actin. Crops were
placed on a drop of PBS on a microscope slide, sealed with a
coverslip and clear nail varnish and allowed to dry prior to viewing
on a Leica DMIREB2 inverted, epifluorescence microscope.
Crops were visualized using the 10, 40, 63 or 100x objective. Red,
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Photoshop.
Quantification of biofilm formation in the crop
Image analysis using ImageJ was performed to identify and
count the frequency of each individual cell, as well as small and
large aggregates or biofilms present in the Drosophila crop. Using
the ‘analyse particle’ function, the integrated density (sum of the
grey values of the pixels in the object) of each event was measured.
Data was organized into bins, depending on the integrated density
of the cell/aggregate, counted and the frequency of each bin was
calculated from 12 fields of view taken from at least 3 crops
infected with either the wild-type PAO1 or the pelB::lux and rsmA
mutants (Figure 4D). Bins were separated into three groups,
individual cells, small microcolonies or large microcolonies, which
had integrated density values .100,000, between 100,000–
500,000 and .500,000, respectively. Images representing each
of 3 strains are represented in Figure 5.
Quantitative bacteriology from whole flies
Five infected live flies for each infection were crushed using a
pellet pestle (Krackeler Scientific Inc.) in 300 ml PBS, serially
diluted and plated onto Pseudomonas isolation agar (PIA; Difco) for
PAO1 enumeration. To enumerate the CFUs in different regions
of the fly, the GI systems of 3 flies was excised as previously
described, crushed and plated. Flies with their GI tract removed
were also pooled and plated. PIA plates were incubated at 37uC
for 24 hours. Colonies were counted following incubation and
CFU/fly was calculated.
Hemolymph isolation
Hemolymph was isolated from 20 infected or uninfected flies in
triplicate according to the method of Frydman, 2006 [72], yielding
approximately 2 ml of hemolymph per replicate experiment.
Hemolymph was serially diluted in PBS and plated on PIA agar
to determine CFU per fly.
Antimicrobial disc diffusion assay
Drosophila 5 days postinfection with PAO1 were crushed (5 flies
per treatment) to give a predicted innoculum of 1610
7 CFU/ml.
This was later verified by plate counts. Mock-infected flies
consisted of planktonically grown PAO1 that was added to
crushed uninfected flies prior to inoculation on PIA. This control
was included to ensure any Drosophila product present in crushed
flies did not alter the antibiotic resistance phenotype of PAO1.
Plates were inoculated using a sterile swab. One ml of the following
antibiotics were dispensed onto the agar plate: gentamicin (Gm)
30 mg/ml, polymyxin B (PxnB) 20 mg/ml, colistin (Coln) 20 mg/
ml, ceftazadine (Ceft) 5.12 mg/ml and ciprofloxacin (CI) 10 mg/
ml. Plates were incubated for 24 h at 37uC, after which zone sizes
(mm) were determined. Zones of inhibition were measured for
overnight cultures of planktonically grown PAO1, Drosophila 5 days
postinfection with PAO1 and mock-infected PAO1.
RNA isolation, reverse transcription and qPCR
Total RNA was extracted from five flies from each infection
24 hours postinfection using TRIzol (Invitrogen), as previously
described [73] RNA was DNAsed using DNAfree (Ambion) and
cDNA synthesized with a High Capacity cDNA synthesis kit (ABI
Biosystems). 100 ng of cDNA was used as template in the Real-
time PCR reactions. Custom TaqMan probes and for diptericin
(Dm01841768_s1), cecropin A1 (Dm02609400_s1) and drosomycin
(Dm01822006_s1) and TaqMan Gene Expression Mastermix
were used as recommended by the manufacturer (ABI Biosystems).
RpL32 (Dm02151827_g1) was used as the constitutive control.
Prokaryotic gene expression was measured using the iQ SYBR
green supermix (Biorad) and bacterial specific primers to pel, psl
and the 16S housekeeping gene (pelrtF 59atcaagccctatccgttcct 39,
pelrtR 59 aacggatggctgaaggtatg 39, pslrtF 59 agcagcaagctggtgatctt
39, pslrtR 59ggttgcgtaccaggtattcg 39, 16SrtF 59 gaaatccccgggct-
caacctg 39, 16SrtR 59ccccacgctttcgcacctca39). For quantitative
RT-PCR (qRT-PCR), quantification and melting curve analyses
were performed with an iQ5 (Bio-Rad) according to manufactur-
er’s instructions. Each reaction is done in triplicate and standard
deviations used to calculate a range of fold activation using the
2
DDCt method [74].
Statistical analysis
Survival curves were plotted and statistical analysis was
performed using GraphPad Prism 5 software. 2-way ANOVA
was used to calculate significant differences between PAO1 and
mutant strains.
Drosophila gene identification
The FlyBase gene identification numbers for Drosophila genes are
as follows: Drosomycin FBgn0010381; Diptericin FBgn0034407;
Cecropin A1 FBgn0000276.
Supporting Information
Figure S1 Crops were harvested from twenty PAO1-infected
flies 24 and 96 hours postinfection. The entire gut was removed
and separated into crop alone, the gut (foregut, midgut and
hindgut) and remaining fly body. Gene expression from the lasI
promoter (chromosomally integrated at the mini-CTX neutral
integration site [25]) was determined and used as a sensitive
measure of localized bacterial load. Data are expressed as %
of luminescence in each part of the fly body expressed as a
percentage of the total luminescence measured.
(TIF)
Figure S2 EPS expression in different strains. (A) qRT-PCR
analysis of pel and psl expression in PAZH13. Values are
mean +/2 SEM from triplicate qPCR experiments on two
independently isolated RNA samples. (B) Congo red staining
(Corrected A490) as a measure of EPS production in PAO1,
pelB::lux and PAZH13. Values are mean +/2 standard deviation
of eight replicate cultures. * p,0.05.
(TIF)
Figure S3 In vitro biofilm formation and in vivo virulence of
PAO1 psl mutant. (A) Biofilm formation as measured by crystal
violet staining of total biomass adhered to pegs. (B) Kaplan-Meier
survival curves during oral infection with PAO1, psl, or 5% sucrose
control. The psl mutant was constructed by allelic exchange using
the plasmid pMA8 [75] resulting in a 213 bp deletion in the pslA
promoter region. Experiments were performed at least twice, each
with a minimum of 50 flies and representative curves (mean +/2
standard deviated) are shown.
(TIF)
Figure S4 Percentage colonization of wildtype and mutant
strains for AMP gene expression studies. Percentage colonization
at (A) 0 h, (B) 24 h and (C) 120 h postinfection. At relevant time
points Drosophila (n=6, from two independent experiments) were
sacrificed, crushed and plated on PIA agar for enumeration of
CFU. Data represented is mean +/2 SEM.
(TIF)
P. aeruginosa Forms Biofilms During Fly Infection
PLoS Pathogens | www.plospathogens.org 12 October 2011 | Volume 7 | Issue 10 | e1002299Video S1 P. aeruginosa biofilms in the Drosophila organised in
honeycomb-like structures.
(MOV)
Acknowledgments
The authors would like to thank R. DeVinney for the use of her
fluorescence microscope, N. McKenna for help with F-actin staining and
the Laboratory of Microbial Communities in Health and Disease,
University of Calgary, for use of their Olympus OV100 intravital
observation system. We acknowledge E.P. O’Grady for helpful comments
and critical reading of the manuscript.
Author Contributions
Conceived and designed the experiments: HM CDS MGS SL. Performed
the experiments: HM CDS. Analyzed the data: HM. Contributed
reagents/materials/analysis tools: CDS MGS. Wrote the paper: HM SL.
References
1. Yahr TL, Greenberg EP (2004) The genetic basis for the commitment to chronic
versus acute infection in Pseudomonas aeruginosa. Mol Cell 16: 497–498.
2. Parsek MR, Singh PK (2003) Bacterial biofilms: An emerging link to disease
pathogenesis. Annu Rev Microbiol 57: 677–701.
3. Moreau-Marquis S, Stanton BA, O’Toole GA (2008) Pseudomonas aeruginosa
biofilm formation in the cystic fibrosis airway. Pulm Pharmacol Ther 21: 595–9.
4. Mulcahy H, Charron-Mazenod L, Lewenza S (2008) Extracellular DNA
chelates cations and induces antibiotic resistance in Pseudomonas aeruginosa
biofilms. PLoS Pathog 4: e1000213.
5. Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS (2002) Extracellular
DNA required for bacterial biofilm formation. Science 295: 1487.
6. Ryder C, Byrd M, Wozniak DJ (2007) Role of polysaccharides in Pseudomonas
aeruginosa biofilm development. Curr Opin Microbiol 10: 644–648.
7. Sutherland IW (2001) The biofilm matrix–an immobilized but dynamic
microbial environment. Trends Microbiol 9: 222–227.
8. Davies D (2003) Understanding biofilm resistance to antibacterial agents. Nat
Rev Drug Discov 2: 114–122.
9. Costerton JW, Stewart PS, Greenberg EP (1999) Bacterial biofilms: A common
cause of persistent infections. Science 284: 1318–1322.
10. Davey ME, O’toole GA (2000) Microbial biofilms: From ecology to molecular
genetics. Microbiol Mol Biol Rev 64: 847–867.
11. Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, et al. (1995)
Common virulence factors for bacterial pathogenicity in plants and animals.
Science 268: 1899–1902.
12. Rahme LG, Tan MW, Le L, Wong SM, Tompkins RG, et al. (1997) Use of
model plant hosts to identify Pseudomonas aeruginosa virulence factors. Proc Natl
Acad Sci U S A 94: 13245–13250.
13. Mahajan-Miklos S, Tan MW, Rahme LG, Ausubel FM (1999) Molecular
mechanisms of bacterial virulence elucidated using a Pseudomonas aeruginosa -
Caenorhabditis elegans pathogenesis model. Cell 96: 47–56.
14. Comolli JC, Hauser AR, Waite L, Whitchurch CB, Mattick JS, et al. (1999)
Pseudomonas aeruginosa gene products PilT and PilU are required for cytotoxicity
in vitro and virulence in a mouse model of acute pneumonia. Infect Immun 67:
3625–3630.
15. van Heeckeren AM, Schluchter MD (2002) Murine models of chronic
Pseudomonas aeruginosa lung infection. Lab Anim 36: 291–312.
16. Kim DH, Feinbaum R, Alloing G, Emerson FE, Garsin DA, et al. (2002) A
conserved p38 MAP kinase pathway in Caenorhabditis elegans innate immunity.
Science 297: 623–626.
17. Cosson P, Zulianello L, Join-Lambert O, Faurisson F, Gebbie L, et al. (2002)
Pseudomonas aeruginosa virulence analyzed in a Dictyostelium discoideum host system.
J Bacteriol 184: 3027–3033.
18. Kurz CL, Ewbank JJ (2007) Infection in a dish: High-throughput analyses of
bacterial pathogenesis. Curr Opin Microbiol 10: 10–16.
19. Kukavica-Ibrulj I, Bragonzi A, Paroni M, Winstanley C, Sanschagrin F, et al.
(2008) In vivo growth of Pseudomonas aeruginosa strains PAO1 and PA14 and the
hypervirulent strain LESB58 in a rat model of chronic lung infection. J Bacteriol
190: 2804–2813.
20. D’Argenio DA, Gallagher LA, Berg CA, Manoil C (2001) Drosophila as a model
host for Pseudomonas aeruginosa infection. J Bacteriol 183: 1466–1471.
21. Chugani SA, Whiteley M, Lee KM, D’Argenio D, Manoil C, et al. (2001) QscR,
a modulator of quorum-sensing signal synthesis and virulence in Pseudomonas
aeruginosa. Proc Natl Acad Sci U S A 98: 2752–2757.
22. Erickson DL, Lines JL, Pesci EC, Venturi V, Storey DG (2004) Pseudomonas
aeruginosa relA contributes to virulence in Drosophila melanogaster. Infect Immun 72:
5638–5645.
23. Salunkhe P, Smart CH, Morgan JA, Panagea S, Walshaw MJ, et al. (2005) A
cystic fibrosis epidemic strain of Pseudomonas aeruginosa displays enhanced
virulence and antimicrobial resistance. J Bacteriol 187: 4908–4920.
24. Apidianakis Y, Mindrinos MN, Xiao W, Lau GW, Baldini RL, et al. (2005)
Profiling early infection responses: Pseudomonas aeruginosa eludes host defenses by
suppressing antimicrobial peptide gene expression. Proc Natl Acad Sci U S A
102: 2573–2578.
25. Sibley CD, Duan K, Fischer C, Parkins MD, Storey DG, et al. (2008) Discerning
the complexity of community interactions using a Drosophila model of
polymicrobial infections. PLoS Pathog 4: e1000184.
26. Lutter EI, Faria MM, Rabin HR, Storey DG (2008) Pseudomonas aeruginosa cystic
fibrosis isolates from individual patients demonstrate a range of levels of lethality
in two Drosophila melanogaster infection models. Infect Immun 76: 1877–1888.
27. Apidianakis Y, Rahme LG (2009) Drosophila melanogaster as a model host for
studying Pseudomonas aeruginosa infection. Nat Protoc 4: 1285–1294.
28. Lemaitre B, Hoffmann J (2007) The host defense of Drosophila melanogaster. Annu
Rev Immunol 25: 697–743.
29. Kylsten P, Samakovlis C, Hultmark D (1990) The cecropin locus in Drosophila;a
compact gene cluster involved in the response to infection. EMBO J 9: 217–224.
30. Wicker C, Reichhart JM, Hoffmann D, Hultmark D, Samakovlis C, et al. (1990)
Insect immunity. characterization of a Drosophila cDNA encoding a novel
member of the diptericin family of immune peptides. J Biol Chem 265:
22493–22498.
31. Bulet P, Dimarcq JL, Hetru C, Lagueux M, Charlet M, et al. (1993) A novel
inducible antibacterial peptide of Drosophila carries an O-glycosylated substitu-
tion. J Biol Chem 268: 14893–14897.
32. Dimarcq JL, Hoffmann D, Meister M, Bulet P, Lanot R, et al. (1994)
Characterization and transcriptional profiles of a Drosophila gene encoding an
insect defensin. A study in insect immunity. Eur J Biochem 221: 201–209.
33. Fehlbaum P, Bulet P, Michaut L, Lagueux M, Broekaert WF, et al. (1994) Insect
immunity. Septic injury of Drosophila induces the synthesis of a potent antifungal
peptide with sequence homology to plant antifungal peptides. J Biol Chem 269:
33159–33163.
34. Levashina EA, Ohresser S, Bulet P, Reichhart JM, Hetru C, et al. (1995)
Metchnikowin, a novel immune-inducible proline-rich peptide from Drosophila
with antibacterial and antifungal properties. Eur J Biochem 233: 694–700.
35. Asling B, Dushay MS, Hultmark D (1995) Identification of early genes in the
Drosophila immune response by PCR-based differential display: The attacin A
gene and the evolution of attacin-like proteins. Insect Biochem Mol Biol 25:
511–518.
36. Leulier F, Parquet C, Pili-Floury S, Ryu JH, Caroff M, et al. (2003) The
Drosophila immune system detects bacteria through specific peptidoglycan
recognition. Nat Immunol 4: 478–484.
37. Levashina EA, Ohresser S, Lemaitre B, Imler JL (1998) Two distinct pathways
can control expression of the gene encoding the Drosophila antimicrobial peptide
metchnikowin. J Mol Biol 278: 515–527.
38. De Gregorio E, Spellman PT, Tzou P, Rubin GM, Lemaitre B (2002) The toll
and imd pathways are the major regulators of the immune response in Drosophila.
EMBO J 21: 2568–2579.
39. Tanji T, Hu X, Weber AN, Ip YT (2007) Toll and IMD pathways synergistically
activate an innate immune response in Drosophila melanogaster. Mol Cell Biol 27:
4578–4588.
40. Chatterjee M, Ip YT (2009) Pathogenic stimulation of intestinal stem cell
response in Drosophila. J Cell Physiol 220: 664–671.
41. Apidianakis Y, Pitsouli C, Perrimon N, Rahme L (2009) Synergy between
bacterial infection and genetic predisposition in intestinal dysplasia. Proc Natl
Acad Sci U S A 106: 20883–20888.
42. Lewenza S, Mhlanga MM, Pugsley AP (2008) Novel inner membrane retention
signals in Pseudomonas aeruginosa lipoproteins. J Bacteriol 190: 6119–6125.
43. Ma L, Lu H, Sprinkle A, Parsek MR, Wozniak DJ (2007) Pseudomonas aeruginosa
psl is a galactose- and mannose-rich exopolysaccharide. J Bacteriol 189:
8353–8356.
44. Schaudinn C, Stoodley P, Kainovic A, Okeeffe T, Costerton B, et al. (2007)
Bacterial biofilms, other structures seen as mainstream concepts. Microbe 2:
231–6.
45. Rinaudi LV, Gonzalez JE (2009) The low-molecular-weight fraction of
exopolysaccharide II from Sinorhizobium meliloti is a crucial determinant of
biofilm formation. J Bacteriol 191: 7216–7224.
46. Russo DM, Williams A, Edwards A, Posadas DM, Finnie C, et al. (2006)
Proteins exported via the PrsD-PrsE type I secretion system and the acidic
exopolysaccharide are involved in biofilm formation by Rhizobium leguminosarum.
J Bacteriol 188: 4474–4486.
47. Pearce P (1978) Structure in nature is a strategy for design. Cambridge: MIT
Press. pp 245.
48. Goodman AL, Merighi M, Hyodo M, Ventre I, Filloux A, et al. (2009) Direct
interaction between sensor kinase proteins mediates acute and chronic disease
phenotypes in a bacterial pathogen. Genes Dev 23: 249–259.
49. Caiazza NC, Merritt JH, Brothers KM, O’Toole GA (2007) Inverse regulation
of biofilm formation and swarming motility by Pseudomonas aeruginosa PA14.
J Bacteriol 189: 3603–3612.
50. Mulcahy H, O’Callaghan J, O’Grady EP, Macia MD, Borrell N, et al. (2008)
Pseudomonas aeruginosa RsmA plays an important role during murine infection by
P. aeruginosa Forms Biofilms During Fly Infection
PLoS Pathogens | www.plospathogens.org 13 October 2011 | Volume 7 | Issue 10 | e1002299influencing colonization, virulence, persistence, and pulmonary inflammation.
Infect Immun 76: 632–638.
51. Vasseur P, Vallet-Gely I, Soscia C, Genin S, Filloux A (2005) The pel genes of
the Pseudomonas aeruginosa PAK strain are involved at early and late stages of
biofilm formation. Microbiology 151: 985–997.
52. Friedman L, Kolter R (2004) Two genetic loci produce distinct carbohydrate-
rich structural components of the Pseudomonas aeruginosa biofilm matrix. J Bacteriol
186: 4457–4465.
53. Matsukawa M, Greenberg EP (2004) Putative exopolysaccharide synthesis genes
influence Pseudomonas aeruginosa biofilm development. J Bacteriol 186:
4449–4456.
54. Zhang L, Dhillon P, Yan H, Farmer S, Hancock RE (2000) Interactions of
bacterial cationic peptide antibiotics with outer and cytoplasmic membranes of
Pseudomonas aeruginosa. Antimicrob Agents Chemother 44: 3317–3321.
55. Ceri H, Olson ME, Stremick C, Read RR, Morck D, et al. (1999) The calgary
biofilm device: New technology for rapid determination of antibiotic
susceptibilities of bacterial biofilms. J Clin Microbiol 37: 1771–1776.
56. Colvin KM, Gordon VD, Murakami K, Borlee BR, Wozniak DJ, et al. (2011)
The pel polysaccharide can serve a structural and protective role in the biofilm
matrix of Pseudomonas aeruginosa. PLoS Pathog 7: e1001264.
57. Brencic A, Lory S (2009) Determination of the regulon and identification of
novel mRNA targets of Pseudomonas aeruginosa RsmA. Mol Microbiol 72:
612–632.
58. Mulcahy H, O’Callaghan J, O’Grady EP, Adams C, O’Gara F (2006) The
posttranscriptional regulator RsmA plays a role in the interaction between
Pseudomonas aeruginosa and human airway epithelial cells by positively regulating
the type III secretion system. Infect Immun 74: 3012–3015.
59. Burrowes E, Baysse C, Adams C, O’Gara F (2006) Influence of the regulatory
protein RsmA on cellular functions in Pseudomonas aeruginosa PAO1, as revealed
by transcriptome analysis. Microbiology 152: 405–418.
60. Heurlier K, Williams F, Heeb S, Dormond C, Pessi G, et al. (2004) Positive
control of swarming, rhamnolipid synthesis, and lipase production by the
posttranscriptional RsmA/RsmZ system in Pseudomonas aeruginosa PAO1.
J Bacteriol 186: 2936–2945.
61. Pessi G, Williams F, Hindle Z, Heurlier K, Holden MT, et al. (2001) The global
posttranscriptional regulator RsmA modulates production of virulence determi-
nants and N-acylhomoserine lactones in Pseudomonas aeruginosa. J Bacteriol 183:
6676–6683.
62. Ryu JH, Kim SH, Lee HY, Bai JY, Nam YD, et al. (2008) Innate immune
homeostasis by the homeobox gene caudal and commensal-gut mutualism in
Drosophila. Science 319: 777–782.
63. Riedel CU, Casey PG, Mulcahy H, O’Gara F, Gahan CG, et al. (2007)
Construction of p16Slux, a novel vector for improved bioluminescent labeling of
gram-negative bacteria. Appl Environ Microbiol 73: 7092–7095.
64. Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA (1996) The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent
antifungal response in Drosophila adults. Cell 86: 973–983.
65. Hedengren M, Asling B, Dushay MS, Ando I, Ekengren S, et al. (1999) Relish, a
central factor in the control of humoral but not cellular immunity in Drosophila
Mol Cell 4: 827–837.
66. Hedengren-Olcott M, Olcott MC, Mooney DT, Ekengren S, Geller BL, et al.
(2004) Differential activation of the NF-kappaB-like factors relish and dif in
Drosophila melanogaster by fungi and gram-positive bacteria. J Biol Chem 279:
21121–21127.
67. Aliaga L, Mediavilla JD, Cobo F (2002) A clinical index predicting mortality
with Pseudomonas aeruginosa bacteraemia. J Med Microbiol 51: 615–619.
68. Potera C (1999) Forging a link between biofilms and disease. Science 283: 1837,
1839.
69. Sadikot RT, Blackwell TS, Christman JW, Prince AS (2005) Pathogen-host
interactions in Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med
171: 1209–1223.
70. Irazoqui JE, Troemel ER, Feinbaum RL, Luhachack LG, Cezairliyan BO, et al.
(2010) Distinct pathogenesis and host responses during infection of C. elegans by
P P. aeruginosa aeruginosa and S. aureus. PLoS Pathog 6: e1000982.
71. Mead CG (1964) A deoxyribonucleic acid-associated ribonucleic acid from
Drosophila melanogaster. J Biol Chem 239: 550–554.
72. Frydman MH (2006) Isolation of live bacteria from adult insects. Protocol
Exchange doi:10.1038/nprot.2006.131.
73. Liehl P, Blight M, Vodovar N, Boccard F, Lemaitre B (2006) Prevalence of local
immune response against oral infection in a Drosophila/Pseudomonas infection
model. PLoS Pathog 2: e56.
74. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods 25:
402–408.
75. Ma L, Jackson KD, Landry RM, Parsek MR, Wozniak DJ (2006) Analysis of
Pseudomonas aeruginosa conditional psl variants reveals roles for the psl
polysaccharide in adhesion and maintaining biofilm structure postattachment.
J Bacteriol 188: 8213–8221.
P. aeruginosa Forms Biofilms During Fly Infection
PLoS Pathogens | www.plospathogens.org 14 October 2011 | Volume 7 | Issue 10 | e1002299